Background/aims-Pterygia are a common disorder of the ocular surface. The disease represents a chronic fibrovascular and degenerative process thought to originate at the conjunctival-corneal junction, where altered limbal stem cells are proposed to be the cell of origin. Extensive epidemiological evidence exists to implicate ultraviolet B irradiation in the pathogenesis of pterygia. To date no animal or in vitro culture model has been developed to test such an hypothesis. The aim of this study was to establish and characterise a pure population of epithelial cells derived from pterygium tissue. Methods-Tissue specimens were obtained from patients undergoing pterygium excision. Explants were cultured in either serum free or serum supplemented medium. Primary and passaged cells were processed for light microscopy, analysed by flow cytometry, and characterised immunohistochemically using specific antibodies. 
Pterygia are the most obvious of the ophthalmohelioses (sun related eye conditions) and are of unknown pathogenesis. This disorder is characterised by the encroachment of a wing of altered conjunctival tissue over the cornea. Various hypotheses have been propounded to explain the pathogenesis of pterygia, including type I hypersensitivity reactions, 1 T cell mediated type IV hypersensitivity responses, 2 accelerated fibroblast proliferation, 3 drying of cornea and conjunctiva, 4 and the predominance of an angiogenesis factor. 5 However, the most widely accepted explanation implicates ultraviolet irradiation as the major causative factor 6 and may well incorporate aspects of the other proposed mechanisms.
While some researchers consider this growth to be of conjunctival origin, 7 others have suggested that the disease originates from altered limbal basal epithelial cells. 8 9 We have postulated that the nasal predilection for this disease and its focal nature are the result of focusing of peripheral light by the anterior eye onto the limbus. 10 This incident light is concentrated 20-fold onto the distal limbus, striking the basal epithelial cells from behind, resulting in a breakdown of the limbal barrier. 10 Our model of pterygium formation 11 explains the shape of these lesions in terms of focal limbal damage and the centripetal migration of limbal epithelial cells, which may be analogous to the behaviour of these cells in the healing of corneal wounds. 12 Although primary culture of human conjunctival, 13 corneal, 14 and limbal 15 epithelium has been described, culture and characterisation of epithelial cells derived from pterygia has not previously been reported. The present study describes a simple technique of establishing long term cultures of epithelial cells derived from human pterygia. This in vitro culture system may help to elucidate mechanisms of pterygium formation.
Materials and methods

TISSUE CULTURE
Pterygium specimens were obtained from patients undergoing routine pterygectomy at Greenoaks Hospital, Sydney, Australia. Informed consent was obtained from each patient. Fresh tissue was used immediately after surgery for culture (n=4), while other specimens (n=20) were fixed in 10% buVered formalin or Carnoy's solution for histochemical analyses.
Fresh pterygium specimens were placed in six well culture plates (Nunc, Roskilde, Denmark) containing 500 µl phosphate buVered saline (PBS). Sterile technique was used to dissect away surrounding normal corneal and conjunctival tissue, and the pterygium was subsequently cut into several 1-2 mm 2 pieces and placed into a new well. Explants were allowed to attach to the substratum for at least 8 hours before adding media. Explants were either cultured on surfaces coated with collagen (rat tail collagen type I, Sigma, Australia) in serum free medium 16 at 37°C in an atmosphere of 2% carbon dioxide in air; or on uncoated tissue culture plastic in Eagle's MEM (Trace Biosciences, Sydney, Australia) supplemented with 10% fetal bovine serum (FBS; Trace Biosciences) and 100 U/ml penicillin, 100 µg/ml streptomycin and 2.5 µg/ml fungizone (Trace Biosciences) at 37°C in an atmosphere of 5% carbon dioxide in air. Cell migration from explants was observed within 3-5 days in both media. Cells cultured in serum free media were detached by 3-5 cycles of incubation at 37°C for 60 seconds with 0.025% trypsin (Trace Biosciences) until weeks 3-4. Primary cultures were grown for not more than 3-4 weeks owing to the increasing presence of spindle-shaped cells. Cells were passaged at weekly intervals thereafter and used at passage 4, 10, and 25 for characterisation studies.
For histochemical studies, cells were cultured in 16 chamber slides (Nunc) and fixed in 100% methanol for 5 minutes. Populations of cells were expanded in 165 cm 2 flasks (Nunc), trypsinised, pelleted, fixed in 10% formalin or Carnoy's solution, embedded in paraYn, and sectioned for immunohistochemical analyses.
IMMUNOHISTOCHEMICAL ANALYSIS
Cell pellet sections of cultured pterygium cells as well as sections of pterygium tissue were cut 4 µm thick and mounted on glass slides. DeparaYnised sections were immunostained as previously described. 17 Endogenous peroxidase was inhibited and non-specific binding was blocked with a 1:5 dilution of pre-immune goat serum for 30 minutes. Mouse MoAbs (see Table 1 ) were applied for 30 minutes, and a 1:200 dilution of biotinylated goat anti-mouse immunoglobulins (Dako Corp, Sydney, Australia) was applied for 30 minutes. Streptavidin conjugated HRP was added for 1 hour and each section was treated with 3-amino-9-ethylcarbazole (AEC) (Sigma, Sydney, Australia). Cells were counterstained with haematoxylin and viewed by light microscopy.
FLOW CYTOMETRIC ANALYSIS
Flow cytometric analysis was performed on subcultured cells at passage 10 according to a standard direct immunofluorescence tech- 
Figure 1 Phase contrast microscopy of primary and passaged human pterygium derived cells. (A) Primary explant culture of pterygium tissue (dark region, left on micrograph), grown in serum free media on collagen coated tissue culture plastic. Cell outgrowth was extensive, with cells displaying cuboidal morphology typical of epithelial cells. (B) Passaged cells were subcultured on uncoated surfaces in the presence of serum. Note the flattened morphology, similar to the cells observed at the leading growing edge in primary culture. (C) Confluent cells (cultured as in (B)) appear morphologically similar, suggesting a homogeneous population of cells. Cells in (B) and (C)
were derived from passage 10 cultures and similar morphology was observed at earlier and later passages. All micrographs were taken at an original magnification of ×100.
nique. 18 Briefly, after trypsin digestion, cells were allowed to re-establish protein expression for 1-2 hours at 37°C in washing buVer (2% FBS/PBS). The cells were counted, centrifuged at 400 g for 5 minutes, washed in PBS, resuspended in cold 100% methanol, and permeabilised for 10 minutes at −20°C. Cells were centrifuged to remove the methanol, resuspended in cold 0.1% Triton X-100 (Sigma), immediately centrifuged at 400 g for 5 minutes, diluted in 300 µl of PBS, and aliquoted into each of three tubes for direct immunofluorescence. Cells were incubated with FITC conjugated Abs (see Table 1 ) for 30 minutes, washed three times in 2% BSA/PBS, and resuspended in 1% paraformaldehyde. Data were acquired with a FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA, USA) and processed with the Cell Quest software program (Becton Dickinson).
Results
PRIMARY AND SUBCULTURE OF PTERYGIUM DERIVED CELLS
Cell outgrowth from explants was observed within 3-5 days in both serum free ( Fig 1A) and serum supplemented media (data not shown). Phase contrast microscopy revealed that primary outgrowths of cells cultured in serum free medium exhibited morphology typical of epithelial cells (Fig 1A) . Primary cultures in serum free medium grew significantly slower than cells from explants cultured in the presence of 10% FBS. Although similar cellular morphology was observed in serum supplemented medium, the propagation of epithelial cells free of other contaminating cells was less eYcient. After 3-4 weeks in primary culture, cells were trypsinised and seeded on uncoated tissue culture plastic in 10% FBS. These subcultured cells grew rapidly and were subsequently passaged once weekly. Cells cultured in the presence of serum appeared more irregular and grew in less well organised monolayers (Fig 1B and C) .
CHARACTERISATION OF PTERYGIUM DERIVED EPITHELIAL CELLS
Cultured cells and cell pellets sections were examined for cytokeratin expression. Immunostaining results are summarised in Table 1 . Cells incubated with the MoAbs AE1 (Fig 2A),   AE5 (Fig 2B), and AE3 (Fig 2C) all demonstrated intense cytoplasmic immunoreactivity for these keratins. However, no immunoreactivity was demonstrable when cells were incubated with the AE8 MoAb (a marker of non-keratinising epithelium) (Fig 2D) . Intracellular keratin staining was generally filamentous (Fig 2B and C) . Cultured cells also stained positively for the 40 kDa epithelial cell specific antigen (ESA) (a glycoprotein found exclusively on the surface of epithelial cells) (Fig 2F) . Similarly, cells displayed intense cytoplasmic staining for vimentin (Fig 2G) . Cells incubated with no primary Ab, with CD1, CD68, von Willebrand Factor (micrographs not shown), or with an isotype control MoAb (Fig 2E and inset (G) ) demonstrated no reactivity. Thus the population of cultured cells appeared unlikely to be contaminated by Langerhans cells, macrophages, or endothelial cells and is hereafter referred to as pterygium epithelial cells (PEC). Identical staining patterns were observed with cells of earlier and latter passages (micrographs not shown).
PEC were also assessed for periodic acid SchiV (PAS) staining with or without diastase pretreatment for 1 hour at 37°C. Diastase resistant, granular cytoplasmic staining with PAS was observed (Fig 2H) . Mucin production by these cells was confirmed by incubating cells with the MUC-1 MoAb (Fig 2I) .
The purity of the cultured PEC was also evaluated by flow cytometry using an FITC conjugated pan-cytokeratin MoAb. In terms of size and granularity (forward and side scatter on the FACS), PEC appeared to be a homogeneous population of cells (Fig 3A) . The flow cytometric immunofluorescence analyses indicated that at least 98% of the cell population consisted of cytokeratin positive epithelial cells (Fig 3C) . Similar fluorescence was observed with cells of earlier and latter passage (data not shown).
CHARACTERISATION OF EPITHELIAL CELLS IN PTERYGIUM DERIVED TISSUE
In parallel studies, sections of pterygia were immunostained with the same MoAbs used to characterise PEC. The profile of cytokeratin expression is illustrated in Figure 4 . Specific cytoplasmic reactivity for AE1 (Fig 4A) , AE5 (Fig 4B) , and AE3 (Fig 4C) was observed. Of 
Figure 3 Flow cytometric analysis of cultured PEC. PEC at passage 10 were fluorescently labelled with a mouse anti-human pan-cytokeratin MoAb to determine the purity of cells in culture. The histograms generated indicate a homogeneous population of cultured cells (A), 98.4% of which are cytokeratin expressing (C). Minimal fluorescence was observed with a control Ab (B). Similar results were obtained on three other occasions using cells of earlier and later passages.
Figure 2 Histochemical characterisation of cultured pterygium derived epithelial cells. Pterygium derived cells were either cultured (passage 10) in chamber slides and fixed in methanol as mentioned in Materials and methods (A-F, and H) or cell pellet sections cut (G, I, and inset G) and used for histochemical analyses. Positive immunoreactive signal is denoted by red staining derived from the AEC chromogen. In all panels (except H) the cells were counterstained with haematoxylin. Cells incubated with the AE1 (A), AE5 (B), and AE3 (C) MoAbs demonstrated strong and specific cytokeratin immunoreactivity. Note the filamentous staining pattern observed with some MoAbs (B and C). No reactivity was observed with the AE8 Ab (D) or with an isotype control MoAb (E and inset G). All cultured cells uniformly expressed ESA (F), vimentin (G), stained positively with PAS (H), and were reactive to the MUC-1 MoAb (I). This staining pattern is representative of three separate experiments. Original magnification ×500.
note was the diVerential staining pattern exhibited by these three MoAbs. The extent of reactivity was AE3>AE5>AE1. However, as demonstrated using serial sections (Fig 4A-C) , numerous epithelial cells were identified with all three MoAbs. In contrast, little or no immunoreactivity was observed with AE8 ( Fig 4D) . Sections of pterygia were also stained for ESA. Intense cell membrane associated immunoreactivity for this antigen was observed, particularly prominent in the basal epithelial cell layers (Fig 4E) . Vimentin expression was also apparent in basal epithelial cells (Fig 4F) and in resident connective tissue cells with typical fibroblast morphology (micrograph not shown). In addition, immunoreactivity for mucin was apparent in sections of diseased tissue incubated with the MUC-1 MoAb (Fig  4G) . This pattern of immunoreactivity correlated in all respects with the staining of cultured PEC.
Discussion
The ocular surface is composed of three types of epithelia-conjunctival, corneal, and limbal, each diVering in cellular composition. The conjunctival epithelium contains secretory cells-namely, goblet cells; the corneal epithelium is composed of a non-keratinising squamous epithelium; and the limbal epithe- lium, which is the transition zone between the conjunctival and corneal epithelium, contains limbal stem cells. 19 The present study describes the culture and characterisation of pterygium derived epithelial cells. Both primary and subcultured PEC demonstrated typical morphological and immunocytochemical features of epithelial cells, including expression of cytokeratins, ESA, and mucin. Although speculative, features such as vimentin expression and staining with the AE1 MoAb suggest that these cells may be derived from altered limbal basal stem cells. 8 19 Although a direct comparative study with cultured human limbal or conjunctival cells were not performed, a recent report by Diebold et al 13 demonstrated immunoreactive and histochemical staining of cytokeratins (AE1, 3, 5), vimentin and mucin in cultured human conjunctival epithelial cells similar to those identified in PECs. The only apparent distinction between the two epithelia was the absence of keratin 13 (a marker for nonkeratinising epithelium, identified by the AE8 antibody) in PECs. This staining diVerence is perhaps not due to cell culture artefact, but may be due to diVerences in cell diVerentiation, since very little or no AE8 staining was observed in pterygium tissue (Fig 4D) , whereas intense AE8 signal was reported in conjunctiva. 13 Parallel studies of the epithelial cells of pterygia demonstrated co-localised intense staining for AE1, AE3, and AE5, together with vimentin in more basal epithelial cells. These observations strongly suggest that passaged PEC maintain diVerentiation equivalent to their in vivo counterparts and may provide a useful model to study the pathogenesis of pterygia.
Figure 4 Immunohistochemical characterisation of epithelial cells in pterygia. Serial pterygium tissue sections (A-D and inset D) were incubated with the AE1 (A), AE5 (B), AE3 (C), AE8 (D) and an isotype control MoAb (inset D). Although the number of cells expressing the diVerent keratins varied in the sections, some cells co-express AE1, AE3, and AE5. Very little or no reactivity was observed when tissue sections were stained with AE8 (D) or the isotype control MoAb (inset D). Abundant expression of ESA (E), vimentin (F), and mucin (G) was also noted in pterygium tissue
Human conjunctival, corneal, and limbal epithelium have successfully been maintained in short term culture, 13 14 although this may be dependent in part upon the presence of fibroblasts serving as feeder cells. 15 While culture studies have previously been performed on pterygium tissue, these were inconclusive with respect to the cell type(s) cultured. 20 To our knowledge this is the first study to characterise pterygium derived epithelial cells and establish a pure long term culture. Future studies using these cells will be aimed at determining the eVects of ultraviolet irradiation on specific gene products which may participate in proliferation, angiogenesis, inflammation, and tissue degeneration, all ongoing processes in pterygium formation.
A prominent feature of pterygia is the loss of Bowman's membrane. It has been speculated that the loss of this tissue matrix is a result of destruction by the invading pterygia, 3 possibly resulting from the action of matrix metalloproteinases (MMPs). A recent investigation has demonstrated increased MMP activity in pterygia compared with normal conjunctiva. 21 Future studies on the profile MMPs derived from pterygium tissue and PECs may aid in determining the class of proteases responsible of the extensive matrix remodelling characteristic of this lesion.
The importance of the epithelial cell in the pathogenesis of pterygia cannot be underestimated, as previous investigators have demonstrated the presence of intraepithelial capillaries in pterygia, suggesting that these cells may be a source of potent angiogenic cytokines. 5 Analysing supernatants from stimulated PEC may reveal the identity of such factors. In addition, it would be of considerable interest to culture normal human conjunctival and corneal epithelium, in order to examine potential phenotypic variations between these cell lines.
In conclusion, we have established a pure population of epithelial cells derived from human pterygia which share common morphological, functional, and phenotypic characteristics with their in vivo counterparts. Future studies using these cells may help elucidate the mechanisms of pterygium formation, as well as being useful in the evaluation of novel therapeutic agents.
